Purpose: In addition to an elevated intraocular pressure a compromise of the ocular blood supply have been implicated in the pathogenesis of primary open-angle glaucoma. The purpose of this study was to quantify morphologic changes in the choroid including choriocapillaris thickness and density and diameter of large choroidal vessels in post mortem eyes with advanced primary open-angle glaucoma.
Introduction
Glaucoma, one of the main causes of visual impairment (Leske, 1983; Tielsch, Sommer, & Witt, 1990) , is a condition that results in typical morphologic optic nerve head changes with deepening and enlargement of the optic disc and visual field loss. Additionally, glaucomatous optic neuropathy is associated with morphologic changes in the retina, retinal pigment epithelium, and peripapillary tissue including splinter-shaped disk hemorrhages, localized and diffuse diminution of the retinal Vision Research 42 (2002) [923] [924] [925] [926] [927] [928] [929] [930] [931] [932] www.elsevier.com/locate/visres q Supported in part by NIH departmental core grant EY06030, an unrestricted departmental grant from Research to Prevent Blindness Inc., and Gertrud Kusen Stiftung in Bendestorf, Germany. nerve fiber layer, diffuse and focal narrowing of retinal arterioles, and peripapillary chorioretinal atrophy (Buus & Anderson, 1989; Drance, 1989; Fantes & Anderson, 1989; Gordon & Piltz-Seymour, 1997; Jonas, Nguyen, Gusek, & Naumann, 1989; Nevarez, Rockwood, & Anderson, 1988; Wilensky & Kolker, 1976) . Abnormalities of the circulation of the optic nerve head, retina, and choroid have been suggested to have a possible role in the etiology of glaucoma (Carter, Brooks, Doyle, & Drance, 1990; Grunwald, Riva, Stone, Keates, & Petrig, 1984; Kaiser, Schoetzau, Stumpfig, & Flammer, 1997; Michelson, Langhans, & Groh, 1996a; Nicolela, Drance, Rankin, Buckley, & Walman, 1996; Nicolela, Hnik, & Drance, 1996; Rojanapongpun, Drance, & Morrison, 1993; Wolf et al., 1993) . The purpose of this study is to assess histologic and morphometric changes of the choroid including the choroidal vasculature in postmortem eyes with advanced glaucomatous changes and compare them with eyes without obvious glaucomatous damage. Special attention was paid to the peripapillary area.
Materials and methods
All eyes used for this study were obtained from the Georgia Eye Bank, Atlanta, GA, and were processed and histologically diagnosed in the L.F. Montgomery Eye Pathology Laboratory, Emory University Eye Center for research purposes. All studies were approved by the Human Investigation Committee, Emory University. For processing, eyes were placed in 10% neutral buffered formalin and after fixation for 48 h they were opened horizontally with first removal of the superior calotte. Internal examination with a dissection microscope (American Optics, Buffalo, NY) was performed and special attention was paid to diagnose glaucomatous changes of the optic nerve head. Thereafter, the inferior calotte was removed and a central section that included the pupil, optic nerve, and center of the macula (PO section) was routinely processed and dehydrated in increasing concentrations of ethyl alcohol. The PO section was embedded in paraffin and 5 lm thick step sections through the center of the optic nerve were obtained and stained with periodic acid-Schiff and hematoxylin & eosin. The slides were examined by an Olympus BHTU microscope, and standard criteria were used to analyze for the presence and absence of glaucomatous changes of the retina and the optic nerve head. The presence or absence of glaucomatous changes were determined by an ophthalmic pathologist (HEG) . Primary open-angle glaucoma was defined by the presence of an open chamber angle, cupping in the optic nerve head associated with atrophy of the nerve fiber layer and the ganglion cell layer without any evidence of ischemic optic neuropathy. Eyes with a closed chamber angle or with an obstructed filtration angle by material such as pigment, blood or lens material indicating a secondary cause of the open-angle glaucoma were excluded from this study. Eyes with histories and/or morphologic evidence of ocular surgery, age-related maculopathy, diabetic retinopathy, or photocoagulation were excluded. Additionally, we excluded eyes from donors with systemic diseases such as hypertension, diabetes mellitus, and normal tension glaucoma when this information was available.
For this study, we randomly selected five slides of each of 20 consecutive unpaired eyes that were histologically diagnosed with end stage primary open-angle glaucoma and compared them with an age-matched, otherwise randomly chosen group of eyes from a group of approximately 1000 eye bank eyes without end stage glaucomatous damage. Both groups were collected during the same time period (1992) (1993) (1994) (1995) (1996) (1997) and processed by the same technician.
Following variables were assessed ( Fig. 1) : the density and diameter of the capillaries of the choriocapillaris, the luminal diameter and density of the choroidal vessels, and the thickness of the choroid. All measurements were performed in the macular and peripheral regions and made by one observer (CWS). The peripheral area was defined as a horizontal (tangential) zone of the temporal choroid extending from the equator to a point 4.5 mm posterior to the equator and the macular area as a zone with an extension of 2.25 mm from the center of the fovea. The density and diameter of the capillaries of the choriocapillaris were also assessed in the immediate nasal and temporal peripapillary area. Additionally, we measured the peripapillary capillary-free area nasal and temporal to the optic disk. The thickness of the choroid and the diameter and density of the choroidal vessels were assessed at 250Â magnification. All other variables were measured at 640Â magnification. Measurements were performed using a digital filar micrometer and a programmable scientific calculator (Lasico; 1602 N-10, Los Angeles, CA) and a Zeiss microscope (Oberkochen, Germany). The luminal diameter of all choroidal vessels was measured and vessel number was counted in a zone of 4500 lm in the macular area and posterior to the equator and the density of these vessels was calculated in vessels per square mm choroidal area (mm À2 ). Arteries and veins were analyzed separately in the macular area but not in the periphery because it was not always possible to differentiate arteries from veins in the peripheral choroid. For statistical analysis, the mean of the five arteries and five veins with the widest diameter was used. This method was chosen because of its high reproducibility with a small standard deviation (Huntington, Haugan, McLean, & Gamel, 1989) . The peripapillary capillary-free area was assessed by measuring the distance between the nasal end of Bruch's membrane to the first capillary of the choriocapillaris. All other parameters were measured in each histologic section in four randomly selected sites in the macular, peripheral or peripapillary zone and the values were averaged. The capillary luminal diameter of the choriocapillaris was assessed perpendicular to Bruch's membrane always in the area of its widest diameter. Choroidal thickness was defined as the distance between the internal border of the sclera and the external border of the outer collagenous layer of Bruch's membrane. The density of the choriocapillaris was expressed as a ratio between the sum of the lengths of the lumina of the capillaries (measured parallel to Bruch's membrane) divided by the length of the zone in which measurements were performed. This ratio can range from 0 to 1 and will be referred to as the choriocapillaris density. The length of the zone was 700 lm and was chosen because of practical and statistical reasons. Preliminary measurements of the choriocapillaris density with calculation of the standard deviation revealed a minimal measurement window of 700 lm in order to find a significant result for a 5% difference between groups.
In order to estimate the actual capacity for blood delivery, the total luminal area of vessels was calculated. This was done by multiplying the frequency of vascular profiles (the vascular density) with the mean luminal area of the vessels. The calculation of the luminal area of the vessels was approximated by using the formula for calculating a circle area (p Â
2 ). In order to compare the different groups, the total luminal area was calculated in lm 2 per 1 mm choroid, i.e. an area of full thickness choroid with a length of 1 mm measured parallel to Bruch's membrane.
To minimize bias, slides were randomly chosen in a masked fashion out of the pool of all slides selected for this study and examination started in the periphery where pathology would be less obvious. This procedure precludes that the observer (CWS) could immediately assign every case to the study or control group and minimizes subconscious bias in measurement of the parameters. For assessment of intraobserver variability, 10 eyes from the study and control group were randomly selected two weeks after the initial measurement. The slides of these eyes were evaluated again by the same investigator (CWS) and the result of this second measurement was compared to the result of the initial measurement.
Depending on the distribution of the data, the parametric unpaired Student's t-test or the nonparametric Wilcoxon signed-rank test was applied. The distribution was assessed by calculation of standardized coefficients of kurtosis. If the values for this parameter were outside the range of À2.0 to þ2.0 (indicating significant deviation from a normal distribution), the nonparametric test was used. Spearman's rank-correlation test (correlation coefficient, r s ) was used to determine a monotonic relationship between any two of the measured variables. Intraobserver variability was analyzed with the Wilcoxon paired signed rank test and the paired Student's t-test. p-Values 6 0.05 were considered to be significant. . This diagram shows all variables which were measured and illustrates the way in which measurements were performed in the histologic sections in the choroid underlying the macula and in the periphery: 1--luminal diameter of the choroidal venous vessels; 2--luminal diameter of the choroidal arterial vessels; 3--cross-sectional diameter of capillary lumen of the choriocapillaris measured perpendicular to Bruch's membrane; 4--length of capillary lumen of the choriocapillaris measured parallel to Bruch's membrane; 5--thickness of the choroid; 6--peripapillary capillaryfree area.
Results
Twenty eyes with advanced glaucomatous damage were examined for this study with 35% (7/20) of eyes being from male and 65% (13/20) being from female donors (mean age at time of death, 76.8 years; range 53-91). In addition, 20 eyes without obvious glaucomatous changes with donor age ranging at the time of death from 66 to 89 years, were examined. The mean age at time of death of this control group was 76.5 years. There were 35% (7/20) eyes from males and 65% (13/20) from females in this group. There was no statistically significant difference between these groups regarding age, sex, and laterality of the eyes (Table 1) .
Analysis of the intraobserver differences with the Wilcoxon paired signed rank test and the paired Student's t-test displayed p-values between 0.20 and 0.95. (Table 2) The density of large choroidal vessels was significantly (p < 0:001) reduced in the macular area in eyes with glaucoma as compared to the control group with 19:3 AE 6:0 and 51:2 AE 19:9 vessels mm À2 , respectively. This difference was statistically significant for choroidal arteries as well as for choroidal veins. The mean diameter of the five largest choroidal arteries was significantly increased in eyes with glaucoma (52.4 lm) as compared to the control group (28.2 lm); the difference in vessel diameter between the study and control group failed to reach statistical significance for the choroidal veins. Eyes with glaucoma displayed an increased thickness of the choroid as compared to the control group with 218.6 and 151.9 lm, respectively. The diameter of the capillaries of the choriocapillaris displayed no significant difference between eyes with and without glaucoma in all assessed areas. The density of the capillaries of the choriocapillaris exhibited in the macular and temporal peripapillary area but not in the nasal peripapillary area a statistically significant decrease in eyes with glaucoma as compared to the control eyes with 0.497 and 0.553, 0.458 and 0.513, and 0.479 and 0.525, respectively. The capillary-free area displayed neither temporally nor nasally a significant difference between eyes with and without glaucoma ( Table 3) .
The density of large choroidal vessels was significantly reduced in the equatorial choroid in eyes with glaucoma as compared to the control group with 21.2 and 44.1 vessels mm À2 , respectively. There was no statistically significant difference observed between eyes with and without glaucoma for the mean diameter of the 10 largest choroidal vessels, the thickness of the choroid, and the diameter of the capillaries of the choriocapillaris in the equatorial choroid. There was, however, a statistically significant difference observed between eyes with and without glaucoma for the density of capillaries of the choriocapillaris with 0.498 and 0.550, respectively.
Calculation of total luminal area of choroidal vessels (Table 4) showed no difference in total vascular diameter of the choroidal vessels with the exception of the macular arteries, which exhibited an increased total luminal area in eyes with glaucoma (3239 lm 2 mm À1 ) as compared to the control group (1080 lm 2 mm À1 ). To evaluate whether the morphologic changes of the choroid were confined to a specific region in the eye, ratios between different regions of all variables assessed in those regions were calculated. Calculation of ratios between the peripheral and macular value of choroidal thickness, diameter of the capillaries of the choriocapillaris, and the density of the capillaris of the choriocapillaris displayed no statistically significant difference between eyes with glaucomatous damage and the control group with 0.642 and 0.715, 0.979 and 1.194, and 1.027 and 1.002, respectively. Similarly, there was no difference observed between eyes with and without glaucoma for the ratio between the peripheral and temporal peripapillary choriocapillaris density, the peripheral and nasal peripapillary choriocapillaris density, the temporal and nasal peripapillary choriocapillaris density, the macular and temporal peripapillary choriocapillaris density, and the macular and nasal peripapillary choriocapillaris density with 1.117 and 1.084, 1.065 and 1.078, 0.985 and 1.014, 1.107 and 1.096, and 1.062 and 1.084, respectively. On the other hand, the ratio between the density of choroidal arteries and veins was significantly ( p ¼ 0:003) increased in eyes with glaucoma (0:77 AE 0:47) as compared to the control group (0:39 AE 0:24). This was not the case for the mean of the diameter of the choroidal arteries with relation to the diameter of the choroidal veins in the macular choroid. There was no significant difference for the ratios of the macular, temporal peripapillary, and nasal peripapillary choriocapillaris density to the density of the arteries in the macular choroid; there was, however, a significant increase for the ratio of the macular, temporal peripapillary, and nasal peripapillary choriocapillaris density to the density of the veins in the macular choroid in glaucomatous eyes as compared to control eyes with 0.050 and 0.018, 0.046 and 0.016, and 0.048 and 0.018, respectively. Similarly, there was no significant difference for the ratios of the diameter of the macular, temporal peripapillary, and nasal peripapillary capillaris of the choriocapillaris to the density of the arteries in the macular choroid; there was, however, a significant increase of the diameter of the macular, temporal peripapillary, and nasal peripapillary capillaris of the choriocapillaris to the density of the veins in the macular choroid in glaucomatous eyes as compared to control eyes with 0.817 and 0.238, 0.753 and 0.267, and 0.745 and 0.221, respectively. Additionally, there was a significant decrease of the ratios of the density and diameter of the macular, temporal peripapillary, and nasal peripapillary capillaris of the choriocapillaris to the diameter of the macular arteries but not to the diameter of the macular veins in eyes with glaucomatous changes as compared to the control group. In the equatorial choroid there was also a significant decrease of the ratio of the density but not the diameter of the capillaris of the choriocapillaris with relation to the diameter of the vessels in the equatorial choroid. Calculation of the ratios between the diameter of the capillaries of the choriocapillaris and the thickness of the macular choroid showed no significant difference for the macular and nasal peripapillary area, but a significant decrease for the temporal peripapillary area with relation to the thickness of the macular choroid (0.038 and 0.056) and for the peripheral area with relation to the thickness of the equatorial choroid (0.179 and 0.254) in eyes with glaucoma as compared to control eyes. There was a significant increase of the ratios between the density and diameter of the capillaries of the equatorial choriocapillaris to the density of the vessels in the equatorial choroid in eyes with glaucoma as compared to control eyes with 0.029 and 0.018, and 0.472 and 0.258.
Spearman's rank correlation coefficients between measured variables for all 40 eyes are shown in Table 5 . The density of choroidal veins in the macula exhibited a positive correlation with the macular (r s ¼ 0:39), temporal peripapillary (r s ¼ 0:37), and equatorial (r s ¼ 0:44) but not the nasal peripapillary density of the capillaris of the choriocapillaris. The diameter of the choroidal veins in the macula displayed a negative correlation (r s ¼ À0:40) with the temporal peripapillary density of the capillaris of the choriocapillaris. The density of the capillaris of the choriocapillaris was positively correlated between the macular and temporal peripapillary area (r s ¼ 0:37).
Discussion
The reason for studying choroidal circulation with special regard to the peripapillary area in eyes with primary open-angle glaucoma was twofold, i.e. the fact that the prelaminar region of the optic nerve head is nourished by the peripapillary choroid (Anderson, 1970; Ernest, 1975; Hayreh, 1969 Hayreh, , 1989 Hayreh & Walker, 1967 ) and the fact that clinical studies utilizing fluorescein angiography have shown alteration of the choroidal blood flow especially in the peripapillary area in patients with glaucoma (Alm & Alm, 1970; Dollery, Henkind, Kohner, & Paterson, 1968; Drance, 1989; Hayreh, 1969 Hayreh, , 1970 Hayreh, , 1972 Hayreh, , 1976 Hayreh, Revie, & Edwards, 1970; Pr€ u unte, 1989; Schwartz, 1994; Spaeth, 1977) . Results of this morphometric study demonstrate that eyes with advanced stages of primary open-angle glaucoma exhibit many changes of the choroidal vasculature as compared to the control group. These changes were observed not only in the peripapillary area but also in the macular and equatorial choroid. Specifically, eyes with glaucoma displayed a lower density of the capillaries of the choriocapillaris as compared to control eyes in the equatorial, macular, temporal peripapillary, but not in the nasal peripapillary choroid. Additionally, there was a decreased density of large choroidal vessels in the macular as well as in the equatorial choroid which was associated with an increased diameter of macular arteries in eyes with advanced glaucomatous damage.
Morphometric studies which deal with the choroidal circulation have been performed infrequently although as early as 1928, Elschnig (1928) has suggested that a compromise of the ciliary circulation particularly the choroidal supply to the papillary area may be an etiologic factor in glaucoma. Franc ßois and Netens (1964) have studied the choroidal circulation in two eyes with absolute glaucoma following chronically severely elevated intraocular pressure and have found a generalized dilation of the choroidal arterioles and more so of the choroidal venules associated with reduction of the volume of the capillaries. Those authors studied another eye with beginning open-angle glaucoma and were not able to observe any change of the choroidal vascular architecture (Franc ßois & Netens, 1964) . Kornzweig, Eliasoph, and Feldstein (1968) have shown a selective atrophy of the radial peripapillary capillaries. Yin, Vaegan, Millar, Beaumont, and Sarks (1997) have histologically studied the choroidal perfusion of 25 eyes with primary open-angle glaucoma and they found comparable results to our study, i.e. a reduction of the density of choroidal vessels, although they did not differentiate between capillaries and large choroidal vessels. In contrary to our results, the mean diameter of choroidal vessels were decreased in their study (Yin et al., 1997) .
In the following paragraph it should be discussed how the morphologic findings of our study fit into results of clinical studies of assessment of choroidal and optic nerve head perfusion. Fluorescein angiographic studies have shown that the choroidal peak fluorescence is delayed (Rosen & Boyd, 1970; Yin et al., 1997) and that the choroidal blood refreshment time is significantly longer (Duijm, van der Berg, & Greve, 1997) in glaucomatous eyes as compared to controls; additionally, there is a marked juxtapapillary choroidal filling defect in eyes with glaucoma (Alm & Alm, 1970; Dollery et al., 1968; Hayreh, 1972) . The morphologic correlate to these findings may be the reduced density of choroidal arteries with increased resistance of the vascular bed and consequently reduced perfusion. Recently, more sophisticated methods including laser Doppler flowmetry (Grunwald, Piltz, Hariprasad, & DuPont, 1998) , scanning laser Doppler flowmetry (Michelson, Langhans, & Groh, 1996b; , and color Doppler imaging (Cellini, Possati, Caramazza, & Caramazza, (Grunwald et al., 1998) . It is interesting to note that optic nerve head blood flow in that study (Grunwald et al., 1998) was significantly reduced only in the temporal region but not in the nasal region of the optic nerve head. Since laser Doppler flowmetry provides a depth of tissue penetration that would allow flow measurement as deep as the lamina cribrosa (Koelle, Riva, Petrig, & Cranstoun, 1993) , measurements obtained with this device probably include blood flow originating from the retinal as well as choroidal circulation. The morphologic correlate to these findings of the laser Doppler flowmetry studies may again be the reduced density of the choroidal arteries as well as the reduced density of the peripapillary choriocapillaris which was significant only in the temporal but not in the nasal peripapillary area in our study. The observed decrease in density of the capillaries of the choriocapillaris may be secondary to the increased intraocular pressure or to the decreased density of choroidal arteries. Assessment of the choroidal circulation using color Doppler techniques (Cellini et al., 1996; Kaiser et al., 1997) show a reduced peak systolic velocity as well as mean flow velocity and an increased resistance index at the posterior ciliary artery and choroidal level in eyes with chronic openangle glaucoma which once again can be explained by the decreased density of choroidal arteries and capillaries of the choriocapillaris resulting in an increased resistance to blood flow. A reduced density of choroidal arteries as well as capillaries of the choriocapillaris causes a dilatation of the patent vessels due to an increase in the perfusion gradient (Cellini et al., 1996; Cristini, Consolani, & Lazzari, 1980) . This dilatation of choroidal arteries was a prominent finding in our morphometric study. It is impossible to ascertain from the results of our study whether the decreased density (obstruction) of choroidal vessels including capillaries of the choriocapillaris have a primary role in the etiology of this disease and therefore precede the development of glaucomatous damage, or whether these circulatory abnormalities are secondary in nature. However, there is evidence from animal studies that capillary circulation in the choroid and consequently in the prelaminar portion of the optic nerve is compromised by moderate to high intraocular pressure (Minckler, Bunt, & Johanson, 1977) . Another feature which has been associated with the development of glaucomatous optic neuropathy is the peripapillary atrophy (Anderson, 1983a; Pimrose, 1971) which has been classified in a peripheral zone ''alpha'' and a central zone ''beta'' (Jonas, Fern a andez, & Naumann, 1992; . Although peripapillary atrophy is significantly correlated with decreasing neuroretinal rim area (Jonas et al., 1992) and the direction of visual field defects in glaucoma (Heijl & Samander, 1985) , progression of optic nerve changes and progression of peripapillary atrophy do not always correlate (Fechnter & Weinberg, 1994) . Furthermore, it has not been determined whether this peripapillary atrophy precedes and predisposes to structural and functional defects of the optic nerve or simply accompanies the damage (Fechnter & Weinberg, 1994) . Since we had no clinical and fluorescein angiographic information we could not study the extent of the peripapillary atrophy; however, we measured the peripapillary capillary-free area nasal and temporal to the optic disk. We found no significant difference for the capillary-free zones between eyes with and without glaucoma. In this capillary-free zone there was no retinal pigment epithelium present. It is unclear whether the retinal pigment epithelium has atrophied in that area or was not present at all. It is known that the RPE interacts with the choriocapillaris not only during development but in the mature eye (Korte, Burns, & Bellhorn, 1989) and that widespread loss of RPE as observed in geographic atrophy is followed by secondary choriocapillaris atrophy (Korte, Reppucci, & Henkind, 1984) since trophic factors (e.g. vascular modulation factor (Henkind & Gartner, 1983 ) are released by the RPE which maintain the normal function of the choriocapillaris. Anderson (1983b) has suggested that in the absence of the peripapillary retinal pigment epithelium which may represent an intact barrier for vasoactive substances, e.g. angiotensin, these substances could leak from the choroid and directly influence the microvasculature of the optic nerve by compromising their autoregulation (Anderson, 1983b; Sossi & Anderson, 1983) .
Although clinical studies show that choroidal filling defects were most marked in the peripapillary region compared with other fundus areas (Alm & Alm, 1970; Dollery et al., 1968; Hayreh, 1972) we were not able to provide a morphologic correlate from our morphometric study for these clinical findings since there was no significant difference concerning the capillary-free zone between eyes with and without glaucoma and the ratio of choriocapillaris density between nasal peripapillary, temporal peripapillary, macular, and peripheral area.
Another parameter which was interesting to assess in this study was the choroidal thickness. We found an increased thickness of the choroid in eyes with glaucoma as compared to controls. Our histologic findings are consistent with measurements in living patients with primary open-angle glaucoma (Cristini, Cennamo, & Daponte, 1991) . However, other histologic studies have found a decrease in thickness of the choroid (Elschnig, 1928; Yin et al., 1997) , which is difficult to reconcile. It is interesting to note that there is a significant positive correlation between the diameter of the choroidal vessels and the thickness of the choroid ( Table. 5) indicating that the increased diameter of these vessels may be at least in part be responsible for the increased choroidal thickness in eyes with glaucoma. Furthermore, calculation of the total luminal area of choroidal vessels displayed a significant increase for this parameter in eyes with glaucoma as compared to controls. The dilatation of the patent choroidal vessels may be due to an increase in the perfusion gradient as discussed above.
We can not conclude from our study whether the observed vascular changes in the choroid are all primary pathogenic factors and therefore precede the development of glaucomatous damage, or secondary phenomena as a consequence of the raised intraocular pressure or the loss of neuronal tissue due to advanced glaucomatous damage. Furthermore, limitations of our study include artifactual alteration by postmortem changes or processing artifacts. Furthermore, the general disadvantages of anatomic studies including serial histologic sections as in our study and analysis of intravascular casts (Araki, 1976) has to be kept in mind. Any hypothesis based on results of these type of study must be verified by physiologic studies, since the anatomic presence of a vascular system does not indicate its functional role and relative contribution to microperfusion.
